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Ferroelectric Liquid Crystal Devices Using Materials 
with a de Vries Smectic A Phase 



Cross-Reference to Related Applications 

This application takes priority under 35 U.S.C. 1 19(e) from U.S. provisional application 
Serial No. 60/151,974, filed September 1, 1999 which is incorporated by reference herein in its 
entirety to the extent that it is not inconsistent herewith. 

Background of the Invention 

This application relates generally to electrooptical devices and liquid crystal materials employed 
in such devices. More particularly, the invention relates to bistable and analog electrooptical 
devices employing ferroelectric liquid crystal materials. 

Liquid crystals have found use in a variety of electrooptical and display device applications, in 
particular those which require compact, energy-efficient, voltage-controlled light valves such as 
watch and calculator displays. 

Thermotropic liquid crystal molecules typically possess structures which combine a rigid 
core coupled with two relatively "floppy" tails. Such LC molecules are generally rod-like in 
shape with the rigid core generally along the long axis of the molecule. Ferroelectric liquid 
crystal (FLC) materials have been prepared by the introduction of one or more chiral 
nonracemic LC molecules having one or more stereocenters in at least one of the tails to 
introduce chirality. The first FLC compound to be characterized was DOBAMBC which 
contains an (S)-2-methylbutyloxy chiral tail. Pure DOBAMBC exhibits a smectic C phase with 
a ferroelectric polarization of -3 nC/cm 2 . 
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Electro-optic effects with sub-microsecond switching speeds can be achieved using the 
technology of N.A. Clark and ST. Lagerwall(1980) AppL Phys. Lett. 36:899 and U.S. Patent 
4,367,924. These investigators have reported display structures using FLC materials, the so- 
called Surface-Stabilized FLC (SSFLC) devices, having not only high speed, but which also 
exhibit bistable, threshold sensitive switching. Such properties make FLC-based devices 
excellent candidates for light modulation devices including matrix addressed light valves 
containing a large number of elements for passive displays of graphic and pictorial information, 
optical processing applications, as well as for high information content dichroic displays. 

It is, however, well known in the art of FLC materials and devices that a typical FLC 
device does not exhibit true optical bistability, that is, the memory or the zero applied field 
orientation of the optic axis of the SSFLC device is typically different from that of its driven 
orientation. Descriptions of the construction and operation of a conventional bistable FLC device 
can be found, for example, in US Patents 5,748,164 and 5,808,800. The FLC materials used in 
these conventional devices exhibit smectic layer spacing shrinkage at the smectic A to smectic C 
transition and further into the smectic C phase. The most significant consequence of the decrease 
in smectic layer thickness, is the formation of chevron smectic layer structures. In addition to 
inducing many defects, formation of such chevron structures, in effect, adds an extra interface at 
the chevron interface which is a nominally planar interface roughly parallel to the plane of the 
FLC film. This extra interface is internal to FLC materials, and together with the two surfaces 
bounding the FLC materials and the external electric field, determines the orientation of the optic 
axis of the FLC device. The added constraint imposed by the chevron interface is that the 
orientation of the optic axis of the FLC devices under an applied electric field depends on the 
strength of the applied field, and is, thus, different from the memory orientation of the device in 
the absence of the applied field. 

Figure 1 A illustrates a smectic C* chevron interface. See, for example, Rieker, T. et al. 
(1987) Physical Rev. Letts. 59(23):2658 for a discussion of chevron layer structure in SSFLC 
cells. Figure 2A schematically illustrates a typical electrooptical response (output light intensity 
as a function of applied voltage) of a conventional bistable FLC device. This conventional 
bistable device does not exhibit a true bistable switching and does not exhibit analog behavior. 
FLC compositions exhibiting bookshelf geometry (Figure IB) will, in contrast, be substantially 
chevron-free when aligned in SSFLC devices and exhibit true bistable electrooptical response as 
schematically illustrated in Figure 2B. 

Much attention has focused on the construction of FLC electrooptical devices with true 
optically bistability which are extremely desirable in practical applications to achieve stable 
memory performance, high contrast ratio, wide viewing angle and high speed response. 
However, only a few FLC materials have been identified which exhibit true bistability. A small 
class of naphthalene-based LCs were reported to be useful for preparation of FLC mixtures 
exhibiting optical bistability (Mochizuki et al. (1991) Ferroelectrics 122:37-51, U.S. patent 
5,169,556 , EP published application 405,868 (published 2/1/91) and U.S. patent 5,348,685.) 
These FLC materials are said have bookshelf geometry and to exhibit no smectic layer spacing 
shrinkage at the smectic A (SmA) to the chiral smectic C (SmC*) transition and into the SmC* 
phase range, unlike many conventional FLC materials. U.S. patents 5,568,299, 5,856,815 and 
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5,943,1 12 report applications of the naphthalene-based FLCs of U.S. patents 5,169,556 and 
5,348,685. 

Additional naphthalene-core LCs are reported to provide improvement in response times 
and/or temperature dependency of response time in U.S. patent 5,861, 108. While this patent 
discloses numerous naphthalene-core LC molecules and LC molecules with related structures, it 
does not indicate that any of the disclosed LC molecules provide chevron-free bistable FLCs. 

U.S. patents 5,262,082, 5,437,812 and 5,482,650 report achiral LC compounds having 
perfluoroether terminal groups exhibiting smectic phases or latent smectic phases that are said to 
provide " reduced temperature dependence of the smectic interlayer spacing" and "spontaneous 
generation of a bookshelf layer structure ideal for a ferroelectric liquid crystal device." Preferred 
chiral LCs of these patents have a phenylpyrimidine core. A number of LC molecules have been 
reported to be useful in combination with these achiral bookshelf LCs. 

U.S. patents 5,474,705, 5,702,637 and 5,972,241, as well as published EP application EP 
736,078 (published 6/24/98) report chiral LC compounds also having a perfluoroether terminal 
portion or a chiral fluorinated terminal portion with preferred LC compounds having 
phenylpyrimidine cores. These patents report that the chiral LC molecules disclosed can be 
admixed with the achiral fluoroether-containing compounds of U.S. patents 5,262,082, 5,437,812 
and 5,482,650 to exhibit " reduced temperature dependence of the smectic interlayer spacing" 
and "spontaneous generation of a bookshelf layer structure ideal for a ferroelectric liquid crystal 
device. 

U.S. patents 5,658,491, 5,855,812 and 5,928,562 report a process for controlling cone tilt 
angle in tilted smectic FLC compositions. The compounds disclosed contain fluoroether or 
fluoroalkyl groups in the LC tail. The patents further report that the compounds useful in the 
invention can be admixed with the achiral fluoroether-containing compounds of U.S. patents 
5,262,082, 5,437,812 and 5,482,650 to exhibit "reduced temperature dependence of the smectic 
interlayer spacing" and "spontaneous generation of a bookshelf layer structure." 

U.S. patents 4,886,619, 5,082,587, 5,399,291, 5,399,701 report chiral and achiral LC 
molecules having tilted smectic mesophases or latent tilted smectic mesophases and having 
fluorocarbon terminal portions. The LC compounds disclosed have structural features in 
common with bookshelf LCs of U.S. patents 5,262,082, 5,437,812 and 5,482,650, however, none 
of the LC compounds disclosed are specifically identified as useful for preparation of chevron- 
free bistable FLCs. 

U.S. patents 5,750,214 and 5,858,273 report liquid crystal devices with certain alignment 
control, which is said to be useful in improving a switching characteristic of a chiral smectic 
liquid crystal composition having bookshelf structure. The patents refer to the use of FLC 
compositions in the method in which at least one component of the FLC composition has a 
fluorocarbon terminal portion. The patents refer specifically to the use of compounds of 
bookshelf LCs of U.S. patent 5,262,082. 
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U.S, patents 6,019, 91 1 and 6,007,737 report various liquid crystal compositions having 
structures related to the naphthalene and phenyl pyrrolidines that are noted above to exhibit 
spontaneous generation of bookshelf structure. However, none of the LC compounds disclosed 
in these patents is identified as exhibiting bookshelf structure or as useful in the preparation of 
chevron-free FLCs. 

In the field of analog FLC devices, a so-called 4 V-shaped' switching has been reported in 
a class of FLCs known to produce antiferroelectric phases. Antiferroelectric LCs (Chandani et al. 
(1988) Jpn. J. App. Phys. 27(5):L729-L732) exhibit three stable states and are characterized by a 
distinct threshold and double hysteresis that generates a memory effect in the driven states. A 
typical electrooptic response of an antiferroelectric LC is schematically illustrated in Figure 3 A 
and a V-shaped switching response is schematically illustrated in Figure 3B. 

V-shaped switching is a thresholdless (or low threshold), hysteresis-free (or low 
hysteresis) switching effect that was first reported by Fukuda A. (1995) Asia Display' 95, 
Proceedings of the 15 th International Display Research Conference 61:177 and by Inui et al 
(1996) J. Mater. Chem. 6:671 in a three component antiferroelectric LC mixture of compounds 
A:B:C (40:40:20 mass%) see Scheme 1, where * indicates an asymmetric carbon. It was later 
reported by Seong et al. (1997) J. Appl. Phys. 36:3586-3590 that compound A in this mixture 
when homogeneously aligned in an LC cell exhibited V-shaped switching in an antiferroelectric 
phase at certain temperatures. The only known test of V-shaped switching is the actual 
observation of the high susceptibility analog effect in FLC cells. 

A "thresholdless" antiferroelectric effect has been reported by some researchers (Fukuda, 
A. (1995) Asia Display '95 Proceedings of the 15 th Int'l Display Research Conference 61:177 
and lnui, S. et al. (1996) J. Mater. Chem 6:671) and a "ferrielectric" effect by yet other 
researchers (E. Gorecka et al. (1990) Jap. J. Appl Physics 29(1):L131-L-137; Booth et al. (1996) 
Liquid Crystals 20(6):8 15-823). These effects have also been associated with antiferroelectric 
LC molecules. It is believed that both of these effects are substantially the same a V-shaped 
switching. 

U.S. patent 5,942,155 reports a siloxane LC molecule that exhibits an antiferroelectric LC 
phase having little or no hysteresis and low threshold voltage. 

U.S. patents 6,057,007, 6,084,649, WO 99/33814 (published 7/8/99) and WO 00/31210 
(Published 6/2/2000) report tristable liquid crystal devices comprising a titled smectic or induced 
tilted smectic LC composition. Many of the LC molecules specifically exemplified have 
phenylpyrimidine cores and a chiral (U.S. patent 6,057,007) or achiral (U.S. patent 6,084,649) 
terminal fluorocarbon group. Compositions disclosed are reported to exhibit low threshold, low 
hysteresis switching "approaching the ideal 6 V-shaped' switching. However, data presented in 
the listed U.S. patents (specifically in Table 2) report only two LCs (both in U.S. 6,057,007) with 
zero hysteresis. The structures of the phenylpyrimidine LC molecules reported to exhibit no 
hysteresis on switching are illustrated in Scheme 2. 

The ferrielectric effect was first reported in 4-(l-methylheptyoxycarbonyl)phenyl-4-(4'- 
octyloxybiphenyl)carboxylate (MHPOBC) by Gorecka, E. et al. (1990) supra. Booth wt al. 
(1996) Liquid crystals 20(6):8 15-823 also report ferrielectric LCs. 



Page 4 of 32 



U.S. Patent 5,728,864 reports certain chiral LCs having ferrielectric phases comprising a 
chiral ester tail group of structure: 



-COO-CHnAHCHzVOCn^n+i, 

where * indicates an asymmetric carbon, A can be -CF 3 , or -C 2 F 5 , and m and n are integers 
ranging from 2-4. The structure of the disclosed ferrielectric LC is given in Scheme 3. 

U.S. patent 6,002,042 reports chiral "swallow-tailed" LC compounds illustrated in 
Scheme 4 with a trifluoromethyl substituted chiral tail group which have an antiferroelectric 
phases or ferrielectric phase showing V-shaped optical response. 

U.S. patents 6,001,278, 5,938,973 and 5,976, 409 report achiral swallow-tailed LC 
:3 compounds that can be combined with chiral ferrielectric LC compounds to obtain ferrielectric 
3 LCs exhibiting V-shaped optical response. The swallow-tailed LC compounds disclosed have 
11 one branched alkyl ester tail with various benzoate, and phenyl benzoate cores with 1 -3 phenyl 
II rings, which may be substituted at certain ring positions with halides (particularly fluorines) see 
J Scheme 5. Swallow-tailed LCs are also reported by Heinemann, S. et al. (1993) Mol. Cryst. Liq. 

Cryst. 237:277-283, Heinemann, S. et al. (1993) Liquid Crystals 13(3):373-380 and Booth, C.J. 
] i et al. (1996) Liquid Crystals 20(4): 387-392. 

=, U.S. patents 5,340,498, 5,985,172, 5,980,780, 6,001,278, and 6,018,070 variously report 

li chiral and achiral LC molecules that are said to be useful in the formation of antiferroelectric 
3 LCs. LC compounds of these patents have an ester tail of formula: 

;j -COO-CH(A)-ether (or alkyl), 

where A can variously be H, -CF 3 , -CH 3 , or -C 2 H 5 (dependent upon the structure of the rest of 
the molecule) and the carbon of the -CH(A)- moiety can be chiral. The tail group is similar in 
structure to chiral tail groups of ferrielectric LCs. However, these patents do not specifically 
report the presence of any of V-shaped switching, ferrielectric effect or thresholdless 
antiferroelectric effect in any of the disclosed compounds. 

Antiferroelectric LCs are also reported in the following references: JP-A-1-213390, JP- 
A-l-316339, JP-A-1-3 16367, JP-A-1316372, JP-A-2-28128, (1989) Liquid Crystals 6:167, 
Chandani et al. (1988) Jap. J. Applied Physics 27:L729-732, Chandani et al. (1989) Jap. J. 
Applied Physics 28:L1261-1264, Chandani et al. (1989) Jap. J. Applied Physics 28:L1265-1268, 
Chandani et al. (1989) Jap. J. Applied Physics 28:L1 19-120, Johno et al. (1990) Jap. J. Applied 
Physics 29: LI 1 1-1 14, Nakagawa A. (1991) Jap. J. Applied Physics 30:L1759-1564. 

Liquid crystal compounds and compositions that exhibit bookshelf structure useful in 
constructing electrooptical devices with true bistable optical response or that exhibit V-shaped 
switching (low or no threshold and low or no hysteresis) useful in constructing analog 
electrooptical devices are of significant interest in the field. Liquid crystals currently known in 
the art to exhibit these desirable electrooptical properties represent a relatively narrow range of 
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chemical structures. It is of great interest in the art to expand the range of structures of liquid 
crystals compounds that exhibit true bistable optical response or V-shaped switching to facilitate 
additional improvements in other desirable properties of materials and adaptation of materials for 
use in different applications. Properties that it would be desirable to improve or control include, 
among others, chemical (including photochemical) stability, viscosity, compatibility with other 
liquid crystal compounds to form mixtures, wide and useful operating temperature range, tilt 
angle, switching speed, spontaneous polarization, and birefringence. 

Summary of the Invention 

The present invention provides electrooptical devices that exhibit true bistable response 
and devices that exhibit low threshold, low hysteresis V-shaped switching analog response. The 
devices of this invention contain a liquid crystal material that has a de Vries smectic A phase. 
The invention also provides a method for identifying a liquid crystal material for use in either 
type of electrooptical device by assessing the liquid crystal material for the presence of a de 
Vries smectic A phase. The presence of a deVries smectic A phase in a selected liquid crystal 
material can be assessed using infrared dichroism as described herein. 

The invention is based on the discovery that a chiral non-racemic liquid crystal material 
(compounds or mixtures of compounds) that exhibits a de Vries Smectic A phase will exhibit a 
true bistable response or a low threshold, low hysteresis V-shaped switching response when the 
liquid crystal is introduced into a liquid crystal cell configuration appropriate for obtaining the 
respective bistable and analog optical responses. 

The invention specifically relates to methods for identifying chiral nonracemic 
compounds or liquid crystals that are mixtures of chiral and achiral or racemic liquid crystals 
that are useful in the preparation of liquid crystal materials for true bistable response by detecting 
or assessing the presence of a de Vries smectic A phase in the compound or compound mixtures. 
The invention further relates to methods for making an electrooptic device that exhibits true 
bistable response by providing a chiral nonracemic liquid crystal material exhibiting a de Vries 
smectic A phase. The chiral nonracemic liquid crystal material exhibiting the de Vries smectic A 
phase can comprises one or more chiral nonracemic, achiral or nonracemic liquid crystal 
compounds that each exhibit a de Vries smectic A phase. The chiral nonracemic liquid crystal 
material exhibiting the de Vries smectic A phase can comprise components that do not 
themselves exhibit the de Vries smectic A phase, but which do not significantly adverse affect 
the formation of that phase. 

More specifically, the method of the present invention can be applied to assess the 
presence of a de Vries Smectic A phase in selected classes of known liquid crystal compounds or 
materials that have been identified as exhibiting V-shaped switching. The identification of the 
presence of the de Vries Smectic A phase demonstrates that the known liquid crystal compound 
or material can be employed in the construction of a true bistable device. 

In particular, the method can be applied to any liquid crystal material or compound that 
has been identified as exhibiting V-shaped switching, ferrielectric effect or thresholdless 
antiferroelectric effect. Generally, the method is applicable to any liquid crystal material or 
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liquid crystal compound that has been identified as an antiferroelectric liquid crystal or as useful 
as a component in an antiferroelectric liquid crystal. Further, the method can be applied to liquid 
crystals containing certain structural features common to liquid crystals that exhibit an 
antiferroelectric effect or more specifically that exhibit V-shaped switching, a ferrielectric effect 
or a thresholdless antiferroelectric effect. The method is particularly applicable to liquid crystal 
compounds comprising, among others: 

1 -methyl alkoxy chiral tails, 1 -ethyl alkoxy chiral tails, 1-trifluoromethylalkoxy chiral 
tails, 1-pentafluoroethlyalkoxy chiral tails and more particularly LCs with phenyl 
pyrimidine cores, biphenyl benzoate or phenyl benzoate cores comprising these tails; 

-COO-CH(A)-ether (or alkyl, fluoroether, or fluoroalkyl), where A can be -CF 3 , -C2F5, - 
CH3, or C2H5 and the tail is chiral nonracemic, achiral or racemic and particularly LCs 
with phenyl pyrimidine cores, biphenyl benzoate or phenyl benzoate cores comprising 
these tails; 

a chiral or achiral terminal fluorocarbon group, such as exemplified in U.S. patents 
6,057,007 and 6,084,649, and particularly LCs with phenyl pyrimidine cores, biphenyl 
benzoate or phenyl benzoate cores comprising these tails; 

swallow-tailed liquid crystals; and 

naphthalene-core LC molecules and LC molecules as described in US patent 5,861, 108. 

Further, the method can be applied to classes of known liquid crystal compounds which 
have not been identified as useful in true bistable devices but, which have structural features the 
same as or related to those commonly found in liquid crystals that have been identified as 
exhibiting bookshelf geometry and true bistability. For example, the method can be applied to 
any liquid crystal (chiral nonracemic, achiral or racemic) which has a naphthalene-containing 
core or a core derived from naphthalene, such as cores containing dehydronaphthalenes. 

True bistable FLC electrooptical devices of this invention include those which comprise 
FLCs that exhibit de Vries Smectic A phases and in which at least one component of the FLC 
comprises a chiral nonracemic, achiral or racemic tail and/or a LC core selected from: 

1 -methyl alkoxy tails, 1 -ethyl alkoxy tails, 1-trifluoromethylalkoxy tails, 1- 
pentafluoroethlyalkoxy tails; 

-COO-CH(A)-ether (or alkyl, fluoroether, or fluoroalkyl), where A can be -CF 3 , -C2F5, - 
CH 3 , orC 2 H 5 ; 

a chiral or achiral terminal fluorocarbon group tail, such as exemplified in U.S. patents 
6,057,007 and 6,084,649, and particularly those in combination with phenyl pyrimidine 
cores, biphenyl benzoate or phenyl benzoate cores; 
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chiral nonracemic, achiral and racemic swallow tails of swallow-tailed liquid crystals; 
and 

naphthalene-cores or other cores of LC molecules as described in US patent 5,861 , 108. 

The invention is, however, not intended to encompass a device containing an LC 
compound or material already known in the art to spontaneously form a bookshelf structure. 
Many known bookshelf materials are encompassed within references cited herein above. The 
invention is, however, intended to encompass new combinations of LC compounds which may 
comprises one or more art-known bookshelf LC compounds where the assays disclosed herein 
determine that the new combination exhibits a de Vries smectic A phase. 

The method of this invention can also be generally applied to any classes of liquid crystal 
materials that exhibit tilted smectic phases, such as smectic C phases, to determine whether or 
not the materials possess a de Vries smectic A phase. For example, the method can be applied to 
LC dimers, twin LC molecules, various siloxane-containing LC materials, including siloxane 
materials reported in U.S. patent 5,455,697. 

Useful FLCs exhibiting de Vries Smectic A phases include, among others, those with 
phenyl pyrimidine cores, biphenyl benzoate, biphenyl benzoate, phenyl benzoate cores, 
naphthalene-cores, dehydronaphthalene cores. 

The invention further specifically relates to methods for identifying chiral nonracemic 
liquid crystal compounds or liquid crystals that are mixtures of chiral compounds and achiral or 
racemic that are useful in the preparation of liquid crystal materials for V-shaped switching 
useful in analog FLC devices by detecting or assessing the presence of a de Vries Smectic A 
phase in the compound or compound mixtures. The invention further relates to methods for 
making an electrooptic device that exhibits V-shaped switching by providing a chiral nonracemic 
liquid crystal material exhibiting a de Vries Smectic A phase. The chiral nonracemic liquid 
crystal material exhibiting the de Vries Smectic A phase can comprise one or more chiral 
nonracemic, achiral or nonracemic liquid crystal compounds. The chiral nonracemic liquid 
crystal material exhibiting the de Vries Smectic A phase can comprise components that do not 
themselves exhibit the de Vries Smectic A phase, but which do not significantly adversely affect 
the formation of that phase. 

More specifically, the method of the present invention can be applied to assess the 
presence of a de Vries Smectic A phase in selected classes of known liquid crystal compounds or 
materials that have been identified as spontaneously forming bookshelf geometry. The 
identification of the presence of the de Vries Smectic A phase demonstrates that the known 
liquid crystal compound or material can be employed in the construction of an analog device 
exhibiting V-shaped switching. In particular, the method can be applied to any liquid crystal 
material or compound that has been identified as exhibiting bookshelf geometry or that has been 
identified as useful in the formation of low defect or chevron-free bistable FLC devices. Further, 
the method can be applied to liquid crystals containing certain structural features common to 
liquid crystals that spontaneously form the bookshelf geometry. The method is particularly 
applicable to liquid crystal compounds comprising, among others,: 
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naphthalene-cores, and dehydronaphthalene cores (see Scheme 6); 



perfluoroether terminal groups and particularly those which have a phenyl pyrimidine 
core; 

a chiral or achiral terminal fluorocarbon group, such as exemplified in U.S. patents 
6,057,007 and 6,084,649, and particularly LCs with phenyl pyrimidine cores, biphenyl 
benzoate or phenyl benzoate cores comprising these tails; 

swallow-tailed liquid crystals; and 

naphthalene-core LC molecules and other LC molecules as described in US patent 5,861, 
108. 

True analog FLC electrooptical devices of this invention exhibiting low threshold, low 
hysteresis V-shaped switching include, among others, those which comprise an FLC that exhibits 
a de Vries Smectic A phase and in which at least one component of the FLC comprises a chiral 
nonracemic, achiral or racemic tail and/or a core group selected from, among others: 

naphthalene-cores, and dehydronaphthalene cores (see Scheme 6); 

perfluoroether terminal groups and particularly those which also have a phenyl 
pyrimidine core; 

a chiral or achiral terminal fluorocarbon group, such as exemplified in U.S. patents 
6,057,007 and 6,084,649, and particularly LCs with phenyl pyrimidine cores, biphenyl 
benzoate or phenyl benzoate cores comprising these tails; 

a chiral nonracemic, achiral or racemic swallow tails of a swallowed-tail liquid crystal; 
and 

naphthalene-cores LC molecules and other cores of LC molecules as described in US 
patent 5,861, 108. 

The invention is, however, not intended to encompass a device containing an LC 
compound or material already known in the art to exhibit V-shaped switching. Many known 
materials that are currently known to exhibit V-shaped switching are encompassed within 
references cited herein above. The invention is, however, intended to encompass new 
combinations of LC compounds which may comprises one or more art-known LC compounds 
that exhibit V-shaped switching where the assays disclosed herein determine that the new 
combination exhibits a de Vries smectic A phase. 
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In specific embodiments, the invention provides chiral nonracemic, achiral and racemic 
liquid crystal compounds of the formulas 8-1 and 8-2 (see Scheme 8) which exhibit a deVries 
smectic A phase. These materials are useful in the preparation of FLC materials for use in true 
bistable chevron-free FLC devices and in true analog devices exhibiting V-shaped switching. 
The invention specifically provides liquid crystal materials comprising the chiral nonracemic 
compounds W399 and W415 the structures of which are provided in Scheme 7 as well as the 
enantiomers and racemates thereof. These compounds both exhibit a de Vries Smectic A phase 
and are useful in the preparation of FLC materials for true bistable bookshelf devices and true 
analog devices exhibiting V-shaped switching. Thus, the invention is directed to bookshelf 
aligned FLCs comprising W399, W415 (or enantiomers thereof) or both, to bistable FLC devices 
employing bookshelf aligned FLCs comprising W399, W415 (or enantiomers thereof) or both, 
to V-shaped switching FLC compositions comprising W399, W415 (or enantiomers thereof) or 
both and to analog FLC devices comprising V-shaped switching compositions comprising W399, 
W415 (or enantiomers thereof) or both. 

This invention provides device constructions and in particular alignment layer conditions 
for constructing true analog FLC cells with de Vries SmA materials and for constructing bistable 
FLC cells with de Vries smectic A materials. A number of FLC materials are already known to 
be bookshelf materials and a number of FLC materials are already known to exhibit V-shaped 
switching, all as described in the Background of the Invention. It is intended to exclude all 
materials already known for a given use (either bistable or V-shaped switching) from the claims. 
Thus, this invention encompassed true bistable SSFLC devices incorporating any FLC materials 
that exhibit a de Vries smectic A phase, except those FLC materials, such as the naphthalene- 
core bookshelf materials, that have already been identified and known in the art to form 
bookshelf geometry in a properly configured SSFLC cell Similarly, this invention encompasses 
true analog V-shaped switching devices incorporating any FLC materials that exhibit a de Vries 
smectic A phase, except those FLC materials, such as certain compounds having fluorocarbon 
groups in their chiral tails, that have already been identified and known in the art to exhibit V- 
shaped switching when aligned in an appropriate analog cell device configuration. The 
invention, is however, intended to encompass new combinations of LC compounds to give new 
mixtures thereof which may comprise one or more materials that were known in the art to be 
useful for V-shaped switching or known in the art to form bookshelf geometry in SSFLC cells. 
The method of this invention is employed to determine the presence of the de Vries smectic A 
phase in the new composition. 

The invention also provides methods for modifying de Vries smectic A materials to 
enhance the analog or bistable character of devices which use the modified materials. The 
efficacy of this teaching is very surprising, given that bistabilty and analog switching are known 
to be at opposite ends of the SSFLC EO behavior spectrum. In fact, those with ordinary skill in 
the art believe that the observed V-shaped switching and the observed optical bistability are 
completely distinct phenomena, and they expect these very different behaviors to have very 
different underlying causes. The present invention, however, shows that they are closely linked 
and that either behavior can be elicited from a single FLC material via the proper cell 
construction and alignment layer conditions. 
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Preferred liquid crystal compounds of this invention are those that exhibit smectic phases 
or latent smectic phases. Liquid crystal compounds with latent smectic phases are those 
compounds which do not themselves exhibit the smectic phase, but which in combination with 
other liquid crystals, which may or may not exhibit any smectic phase, form a mixture which 
exhibits the smectic phase. Liquid crystal compounds and materials of this invention include 
those which have no nematic phase. Liquid crystal compounds and materials of this invention 
include those which have the phase sequence: Isotropic -> SmA -» SmC or Isotropic -» SmA -» 
SmC* with decreasing temperature, where the SmA phase is a de Vries smectic A phase over at 
least a useful portion (at least about 5°C) of the temperature range of the Sm A phase. 

Liquid crystal materials of this invention are preferably chemically and photochemically 
stable and have properties such as spontaneous polarization and tilt angle and birefringence 
appropriate for a selected application. As is known in the art, some applications liquid crystal 
materials having a tilt angle of about 22.5°C are preferred. In some application high polarization 
?a ~ as is known in the art is preferred and in other application low polarization as is known in the art 
^ is preferred. In some applications, low birefringence or negative birefringence LC materials are 
in preferred to allow thicker LC layers to be employed in selected device application and/or to 
yi decrease chromaticity in certain device configuration. 
Id 

*p Preferred bistable devices of this invention are those that exhibit contrast ratios greater 

W than about 50: 1 or more preferably greater than about 1 00: 1 . 

^ Additional features and benefits of the LC materials, devices and methods of this 

invention will become apparent on review of the following detailed description. 



Brief Description of the Drawings 

Figure 1 A is a schematic illustration of the chevron layer structure in an SSFLC. 

Figure IB is a schematic illustration of the bookshelf layer structure. 

Figure 2A is a schematic illustration of electrooptic response in a typically SSFLC 
bistable device. 

Figure 2B is a schematic illustration of electrooptic response in a true bistable device 
with bookshelf layers. 

Figure 2C is a schematic illustration of the electrooptic response of an antiferroelectric 
material from U.S. patent 6,057,007. 

Figure 2D is a schematic illustration of the electrooptic reponse of a V-shaped switching 
material from U.S. patent 6,057,007. 

Figures 3 A-3E illustrate analog device construction, where Figure 3E illustrates the 
separated substrates of Figure 3D to more clearly illustrate rubbing directions. 
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Detailed Description of the Invention 

As noted above, an SSFLC device employing conventional FLCs has a chevron FLC 
layer structure (Figure 1 A) rather than a bookshelf layer structure (Figure IB) in which the LC 
layer is perpendicular to the substrate between which the LC is introduced. As a result of the 
chevron structure, the SSFLC device exhibits zig-zag defects. These defects lead to poor 
contrast ratio and unstable bistability. In spite of this, SSFLC devices using conventional FLCs 
are often described as bistable. However, in order to achieve bistable FLC devices, it is 
necessary to eliminate the chevron interfaces. 

W. Hartmann (1988) Ferroelectrics, Vol. 85, 67-77 reported a method in which a strong 
low frequency electric field is applied to the FLC to 'straighten out' the chevron interfaces to 
induce quasi-bookshelf geometry. An oblique deposition technique has also been used to obtain 
bookshelf geometry (Johno et al. (1989) Jap. J. Applied Physics 28:L1 19). Bookshelf geometry 
in a SSFLC with a conventional rubbed polymer (e.g., polyvinyl alcohol, polyimide, etc.) 
;I alignment layer on the substrates was reported in U.S. patent 5,169,556. Researchers at Fujitsu 
i first discovered a small number of naphthalene-based FLC materials which exhibited no chevron 
H layer structures when introduced into a thin (several micron) SSFLC geometry. The smectic 
H layers of these materials in the SmC* (chiral smectic C) phase formed the bookshelf geometry 
*i the SSFLC cell and the devices showed optical bistability. It was further reported that these 
^ compounds showed very little or no smectic layer thickness shrinkage at the SmA-SmC* 
'i transition or on further cooling into the SmC* phase. Layer shrinkage can be measured by 
'" 4 observation of the layer spacing as a function of temperature using the well-known X-ray 

scattering technique, as described by Rieker et al. Phys. Rev. Lett. Vol. 59, 2658(1987). 
n Bookshelf behavior was also discovered to occur in another small class of fluorinated FLCs, and 
;5 optical bistability was also observed in FLC devices using these materials, as disclosed, for 
== example, in US Patent 5,702,637. 

■3 The term bookshelf is applied to liquid crystal layer geometry where in the idealized 

bookshelf geometry in the smectic C or smectic C* phase as illustrated in Figure IB the LC 
layers are perpendicular to the substrate walls and the long axes of the LC molecules are 
substantially normal to the LC layers. It will however be recognized by those of ordinary skill in 
the art, that some deviation from this ideal geometry can occur without significant loss of 
benefit. The bookshelf geometry facilitates true bistable switching of an SSFLC device with a 
steep transition and little or no hysteresis as illustrated schematically in Figure IB. Some 
deviation from the ideal geometry can occur without significant deterioration of bistable 
switching. In a practical sense, it is the substantial absence of chervon structure in the LC layer 
in the smectic C phase that is important for true bistable switching. Thus, a practical measure of 
the presence of the bookshelf geometry and the operational definition that will be used herein is 
bookshelf geometry that results in the substantial absence of chevron structure (e.g., by visual 
inspection as is known in the art). The term "quasi-bookshelf layer geometry has also been 
used when the anomalous behavior of the bookshelf naphthalene compounds is discussed . The 
use of this term in the art may or may not refer to the bookshelf geometry as intended herein as 
associated with chevron-free SSFLC devices. For example, Takanishi et al. (1990) Jap. J. 
Applied Physics 29(6):L984-986 used the term "quasi-bookshelf to refer to naphthalene LCs 
that were chevron-free. In this case, 'quasi-bookshelf is the same as bookshelf as used herein. 
It will also be understood and appreciated in the art that the alignment layer and alignment 
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method employed in an SSFLC cell may affect the quality of the bookshelf geometry. It should 
be noted that conventional rubbing methods employing polyvinyl alcohol can typically be 
employed to assess the presence of bookshelf geometry by visual inspection for chevrons. 
However, the term bookshelf as used herein is not intended to include induced bookshelf 
geometry as has been reported by W. Hartmann (1988) Ferroelectrics, Vol. 85, 67-77 or Johno et 
al. (1989) Jap. J. Applied Physics 28:L1 19. 

For many applications of optical devices, an analog response to applied fields is highly 
desirable. Analog FLC devices are particular desirable because they have intrinsically fast 
switching characteristics. In this regard, researchers have engaged in a continuing search for 
materials that are useful analog FLC devices with limited success. As noted above, an analog 
effect called "thresholdless antiferroelectricity" or "V-shaped switching" has been described, 
exhibiting the highest analog susceptibility in FLCs to date. This behavior is known to occur m a 
class of FLCs which exhibit antiferroelectric phases. The effect has been described, for example, 
in LCs containing a 1-methylheptyloxy chiral tail or a 1-trifluoromethylheptyloxy chiral tail. 
The only known way to detect V-shaped switching and identify LC compositions that exhibit this 
behavior is the actual observation of the high susceptibility analog effect in an appropriately 
constructed FLC cell. 

The term V-shaped switching is used herein as employed in P. Rudquist et al. (1999) J. 
Mater. Chem. 9: 1257-1261 to refer to a V-shaped electrooptical response and as illustrated 
schematically in Figure 2D exhibiting very little or no hysteresis and very low or no threshold. In 
contrast the electrooptic response of an antiferroelectric material is illustrated in Figure 2C. 
Those of ordinary skill in the art will appreciate that some deviation from an ideal V-shaped 
response with no measurable hysteresis or threshold can occur without significant loss of 
benefit. 

It should be emphasized that both bookshelf geometry devices and V-shaped analog FLC 
devices at the time of this invention were know in the art to work only with a small number of 
specific FLC materials. There is no known correlation between compounds that exhibit 
bookshelf geometry and those that exhibit V-shaped switching and the structures of the different 
molecules seems to be completely disparate. It also should be noted that, in assessing the 
usefulness of FLCs, if any attention is paid to the material properties of the materials, it is paid to 
the properties of the materials in the working phase, i.e., the ferroelectric phase of the materials. 

A liquid crystal material can typically exhibit several meso-phases on decreasing 
temperature from the isotropic liquid phase to the crystal phase, including a nematic phase, a 
smectic A phase, tilted smectic phases, such as a smectic C phase, and other higher ordered 
phases. Of particular interest to the current invention is the smectic A phase preceding (at higher 
temperature to) the tilted smectic C (or other tilted phases) ferroelectric phase. 

For a conventional ferroelectric liquid crystal material, in the smectic A phase, the long 
axes of rod-shaped LC molecules are nominally perpendicular to the smectic layers and point 
along the layer normal. Upon cooling into tilted phases, for example, a smectic C phase, the 
molecules tilt and the thickness of smectic layers shrink. The anomalous behavior of the 
naphthalene bookshelf materials, which exhibit little or no shrinkage at this transition, was 



Page 13 of 32 



believed due anomalous thermal expansion of the materials (See, Takanishi et al. (1990) Jap. J. 
Applied Physics 29(6): L984-986 in which the observed lack of shrinkage is attributed to 
conformational change in the asymmetric molecules of the liquid crystal or to interdigitation of 
those molecules). 

There is another type of smectic A phase that has been proposed by de Vries A., Mol. 
Cryst. Liq. Cryst., Vol. 41, 27(1977), ibid. Vol. 49, 179(1979), but which was never 
conclusively identified. In this type of smectic A phase, each individual molecule is not 
necessarily pointing along the smectic layer normal. Instead the long axis of each LC molecule, 
at any instant, makes an angle to the smectic layer normal. But because the LC molecules are 
randomly arranged, the average director of the LC molecules is pointing along the smectic layer 
normal, thus forming a smectic A phase. Such a smectic A phase is called a de Vries smectic A 
phase and it has the properties that is very different from a conventional smectic A phase. 

The presence of a deVries smectic A phase in a chiral liquid crystal material can be 
detected by infrared dichroism measurements. Liquid crystal molecules typically have at least 
one aromatic ring in the rigid core between flexible typically non-aromatic tails. The aromatic 
groups in the core absorb strongly in the infrared (IR), with an absorption strength that depends 
on the relative orientation of the polarization of the IR and the long axis of the liquid crystal 
molecule. Hence, the absorption is dichroic. In the deVries smectic A phase, the molecules are 
all tilted away from the smectic layer normal, but are disordered azimuthally, so that the average 
long-axis direction is along the layer normal. Application of an electric field produces, as it does 
in all chiral smectic A phases, an electroclinic effect where the average molecular long-axis 
direction (the director) tilts away from the layer normal. In the ordinary smectic A case, this 
occurs without significant increase in the degree of azimuthal ordering, and hence the 
directionality of the IR dichroism of the material changes, but its strength does not. In the case 
of the deVries Smectic A, the electroclinic effect is accompanied by an atypical increase in the 
azimuthal ordering which manifests itself as an increase in the difference between absorbance for 
IR light polarized parallel to the director and absorbance for IR light polarized perpendicular to 
the director. Thus, in a de Vries Smectic A material, the IR dichroism increases by an unusually 
large amount when the material is subjected to an applied (low-frequency) electric field. 

The application of infrared dichroism measurement to the investigation of liquid crystal 
structure is well known in the art. A preferred method that can be applied to the infrared 
dichroism measurement is found in Hide, F.; Clark, N. A.; Nito, K.; Yasuda, A.; Walba, D. M. 
(1995)"Dynamic polarized infrared spectroscopy of electric field-induced molecular 
reorientation in a chiral smectic-A Liquid Crystal" Phys. Rev. Lett 75, 2344-2347. 

The following references describe the application of infrared dichroism measurements to 
liquid crystal materials: Blinov L. M. and Tournilhac, F. (1993) Molecular Materials 3(1):93- 
111; Ostrovskii, B. I et al. (1995) J. Physique II 5(7):979-1001; Kloepper, N. et al. (1997) ) J. 
Physique II 7(l):57-67; and Perova, T.S. et al. (1996) Ferroelectrics 180(1-4):105-1 15 (based on 
a paper given in July 1995 at the IntT FLC Conference Cambridge, UK). Methods disclosed 
therein can also be employed in view of the teachings herein to detect the presence of a de Vries 
smectic A phase in LC and FLC materials. 
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The inventors have discovered that FLC materials that spontaneously form a bookshelf 
geometry and exhibit true bistable switching also exhibit a de Vries Smectic A phase. The 
presence of a de Vries Smectic A phase is, thus, an identifying characteristic of an FLC 
compound or material that will form the bookshelf geometry in an SSFLC device and exhibit 
true bistable switching. The presence of a de Vries Smectic A phase directly above the Smectic 
C phase in temperature in bookshelf forming FLCs is consistent with and explains the 
observation of little or no layer shrinkage on transition from the "Smectic A phase" to the 
Smectic C phase. Since de Vries Smectic A LC materials are already tilted in the Smectic A 
phase, these material exhibit very little or no smectic layer spacing change at the transition into 
the Smectic C phase (or on further cooling into the smectic C phase.) Little or no additional 
tilting occurs upon cooling of the material. 

Two examples of ferroelectric liquid crystal compounds exhibiting a de Vries smectic A 
phase are compounds W399 and W415 whose structures are given in Scheme 7. Both of these 
=i compounds exhibit bookshelf geometry in an SSFLC cell. Compound W399 is discussed, for 
n example, in Arnett, K.E. (1 995) Mat. Res. Soc. Symp. Proa, 392: 1 35. These compounds can be 
n synthesized from materials disclosed in U.S. patent 5,543,078 in view methods disclosed therein 
n and methods that are well known in the art of synthetic organic chemistry. 

£ Another visual test is available for determining whether or not an FLC aligned in an 

l { SSFLC cell is in the bookshelf geometry. In this assay, which is described in Z. Zhuang (1991) 
J Ph.D. Thesis "Surface Stabilized Ferroelectric Liquid Crystals" University of Colorado, Boulder 
*i CO, a slow triangle wave (0.2Hz) with DC balance is applied to the SSFLC cell with aligned 
% FLC. The rubbed alignment layers of the cell may be parallel or antiparallel. The FLC is then 
5 observed the face of the FLC under microscope (app. 100X) on application of the triangle wave 
'I to the SSFLC cell. A plurality of pointed shapes or wedge-like shapes (which are described as 
:j "speed boats") are observed passing across the FLC. In a SSFLC cell that is not in the bookshelf 
■J geometry the shapes are all observed to travel in only one direction across the FLC with one 
polarity of the field. In an SSFLC in that is in the bookshelf geometry, the shapes are observed 
to travel in opposite directions away from each other across the FLC. This method can be used 
to determine whether or not a given FLC material aligned in an SSFLC exhibits bookshelf 
geometry. The method can be applied to individual compounds that are FLCs or to mixtures of 
compounds that are FLCs. Achiral or racemic LC materials can be tested for compatibility with 
bookshelf geometry by admixture with other LC materials, particularly those that are known to 
exhibit bookshelf geometry. 

Scheme 8 illustrates generic structures of classes of LC molecules structurally related to 
the molecules W399 and W415. The methods disclosed herein can be applied specifically to the 
LC compounds of Scheme 8 to detect the presence of a de Vries smectic A phase or to detect the 
presence of bookshelf geometry in FLC mixtures containing one or more of the compounds of 
Scheme 8. The method can also be applied, among others, to the naphthalene-core LCs of U.S. 
patent 5,861, 108, compounds disclosed in U.S. patents 4,886,619, 5,082,587, 5,399,291, 
5,399,701, 6,019, 911 and 6,007,737, compounds having the cores of Scheme 6, compounds of 
the formula 3-2 in Scheme 3 and various swallow-tailed compounds known in the art. 

Dimer liquid crystals are another class of liquid crystals that can be examined using the 
methods herein to detect the presence of a de Vries smectic A phase to ascertain which dimers 
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will exhibit bookshelf geometry in SSFLC cells with appropriate alignment and V-shaped 
switching in analog cells. Of particular interest are liquid crystal dimers containing siloxane 
groups, such as those reported in U.S. patent 5,455,697 (incorporated by reference herein for the 
structures of the dimers therein.) 

The inventors have also discovered that FLC materials exhibiting bookshelf geometry in 
SSFLC configurations exhibiting V-shaped switching behavior when introduced into FLC cells 
adapted for analog applications. Thus, any known FLC material that exhibits bookshelf 
geometry, e.g. the naphthalene-core compounds exemplified in U.S. patents 5,169,556 and 
5,348,685, can be employed in FLC analog devices for V-shaped switching applications. More 
generally any chiral nonracemic LC compound or mixture of compounds that exhibits bookshelf 
geometry and true bistable switching in an SSFLC device will exhibit V-shaped switching m an 
appropriately adapted FLC device configuration. Thus, the assays disclosed herein for 
determining whether or not a given FLC compound forms a bookshelf geometry in an SSFLC 
device can also be used to identify LC molecules useful in V-shaped switching applications. 

There are two formal possibilities regarding the particular FLC materials which are 
already known to exhibit V-shaped switching. It is possible that all of the known V-shaped 
materials are de Vries smectic A materials and further that all V-shaped materials that will be 
ever be identified will exhibit a de Vries smectic A phase, i.e., that the de Vries smectic phase is 
required in a V-shaped switching material. Alternative, it may be that only a subset of all V- 
shaped switching materials will exhibit a de Vries smectic A phase. The inventors currently 
believe that all V-shaped switching FLC materials will not exhibit a de Vries smectic A phase 
and thus that not all V-shaped switching materials will form a bookshelf structure in an 
appropriately treated SSFLC cell. However, if a V-shaped switching material does have a de 
Vries smectic A phase, then it will exhibit bookshelf geometry in an SSFLC device. Thus, a 
given V-shaped switching material can be screened by the methods disclosed herein for the 
presence of a de Vries smectic A phase to determine if that material will be useful in a bistable 
switching device. 

Device configurations for SSFLC bistable operation and for V-shaped switching 
applications are generally known in the art and specific device configurations are disclosed in a 
number of the patent applications cited herein. 

Given a material with a de Vries smectic A phase, an analog switching FLC device, 
which could be a V-shaped switching device, can be created as follows: 

Two substrates, at least one of which is coated with polymer alignment layer (PVA, 
polyimide or other materials known in the art) and subsequently rubbed, are assembled to be 
parallel to form a liquid crystal cell. The gap of the cell is nominally thin and is typically less 
than 5 microns. The surfaces of the substrates are treated such that there is strong polar 
interaction, which in addition to proper choice of alignment materials, can also often be obtained 
by increasing the thickness of the alignment layer, between the surface and the ferroelectric 
liquid crystal. In such a device design, the easy axes of the treated substrates may be parallel and 
analog switching is obtained. Materials and methods for obtaining alignment layer thickness 
required to achieve an analog FLC device are understood and well-known in the art. A number 



Page 16 of 32 



of the references cited herein refer to the formation of analog FLC devices and provide 
descriptions thereof. In some cases, in which a polyimide alignment layer is employed layer 
thickness is adjusted by selecting the concentration of the polyimide precursor in solvent. For 
example, a 4% by weight solution of polyamic acid in an appropriate solvent applied to cell 
substrate surfaces provides a sufficiently thick alignment layer for an analog cell. In general, an 
alignment layer thicker than about 500A should provide analog optical response. 

Analog switching devices of FLC materials with a de Vries smectic A phase can also be 
obtained in cross rubbed cells where the easy axes of the top and bottom substrates make an 
finite angle rather than being parallel. One such example is as follows. The strong surface 
interaction between the substrates and the FLC material, coupled with the large susceptibility of 
the FLC material, produces very large surface electroclinic tilt at the surface in the de Vries 
smectic A phase. This molecular tilt away from the easy axis at the surface can be measured 
optically. If the easy axes of the two substrates bounding the FLC is crossed by twice the surface 
electroclinic tilt angle, then the FLC molecules in the cell form a twisted structure and analog 
electrooptic switching of the device will be observed. Using such techniques, an FLC device 
containing W399 was shown successfully to display the analog switching behavior. The device 
construction in this case is sketeched in Fig. 3 A to 3E, where Figure 3E illustrates the separated 
substrates of Figure 3D to more clearly illustrate rubbing directions. 

At a more fundamental level, V-shaped switching is found in cells with strong azimuthal 
and polar anchoring, and weak zenithal anchoring. These are conditions which may be realized 
as described above, for example. 

The basic device construction for bistable switching devices is similar to the cell 
construction for analog and conventional FLC devices, that is, the device is composed of two 
substrates coated with polymers (PVA, polyimide and other materials known in the art) and 
treated with an easy axis each. The substrates are parallel and are separated with a spacing 
typically less than 5 microns. The easy axes of the substrates can be either parallel or making a 
finite angle (as discussed in Canon patent). At a fundamental level, bistable switching may be 
produced in cells by making the surface anchoring strong enough to give good alignment to FLC 
molecules but weak enough so that the FLC molecules near the surface participate in the 
switching process. At a more fundamental and scientific level, the surface interactions are such 
that the azimuthal anchoring may be overcome by other factors, including a very strong zenithal 
anchoring and very weak polar anchoring. 

As is known in the art, weak surface anchoring arises when the substrates are treated with 
a thin alignment layer, when there is no insulating layer between the ITO electrodes and the 
polymer alignment layer, and often when the alignment polymer contains siloxane materials. 
Materials and methods for obtaining an alignment layer for a bistable SSFLC cell are understood 
and well-known in the art. In some cases, in which a polyimide alignment layer is employed 
layer thickness is adjusted by selecting the concentration of the polyimide precursor in solvent. 
For example, a 1% by weight solution of polyamic acid in an appropriate solvent applied to cell 
substrate surfaces provides a sufficiently thin alignment layer for a bistable cell. In general, an 
alignment layer thinner than about 200A should provide bistable optical response. 
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It should be understood that the only requirement for the FLC material described in this 
invention is that it possesses a de Vries smectic A phase above the smectic C* phase (or other 
optically tilted smectic phase). The other properties of the FLC material included in this 
invention may be tuned by mixing to provide preferred embodiments for either V-shaped or 
bistable cells. 

All FLC materials that form bookshelf geometry in an SSFLC device possess a de Vries 
smectic A phase. According to this invention, FLC materials already discovered to show 
bistable electrooptic switching behavior, or the so-called bookshelf materials, can also be used to 
make analog switching FLC devices. Specifically, a cell containing the small class of 
naphthalene-based and fluorinated FLC materials as the liquid crystal media, when the substrates 
are treated properly, will also show analog switching behavior. Indeed, such behavior has been 
observed in a class of naphthalene based FLC materials when the thickness of the alignment 
layer of the substrates were increased, in accordance with this invention. 

S In contrast, all FLC materials that exhibit V-shaped switching may not a posses de Vries 

11 smectic A phase. However, the relatively small class of FLC materials containing 1 - 

11 methylheptyloxy or 1-trifluoromethylheptyloxy chiral tails, which show V-shaped analog 

J switching behavior, will exhibit bookshelf geometry in SSFLC device configurations and can be 

P used to obtain bistable FLC devices, if the surface treatment is properly adapted as described 

1 J above. Other FLC materials exhibiting V-shaped switching can be tested for the presence of a de 

: J Vries smectic phase. If the de Vries smectic A phase is present in the V-shaped switching 

material, then it will exhibit bookshelf geometry in SSFLC device configurations and can be 

i used to obtain bistable FLC devices, if the surface treatment is properly adapted. 

I It is a practical observation in the art of FLC devices that smaller FLC material 

;i polarization favors a bistable electrooptic response, whereas for V-shaped analog switching, 
;i larger polarization is preferred. Thus efforts are made to reduce FLC spontaneous polarization in 
the naphthalene based and fluorinated FLC materials while the spontaneous polarization for the 
FLC materials containing the 1 -methylheptyloxy or 1-trifluoromethylheptyloxy chiral tail 
remained high. According to the current invention, if by design the polarization of the current 
bookshelf material, containing the small class of naphthalene-based and fluorinated FLC 
materials, is increased, it will make it easier to obtain analog FLC devices using these improved 
FLC materials under the same conditions. Also according to the current invention, if by 
designing the FLC molecule, it is possible to obtain a new class of FLC materials with smaller 
spontaneous polarization containing the 1 -methylheptyloxy or l-trifluoromethylheptyloxy chiral 
tail. If this new class of material still have a de Vries smectic A phase, then the FLC device using 
this new class of FLC materials containing the 1 -methylheptyloxy or 1-trifluoromethylheptyloxy 
chiral tail will have bistable electrooptic responses if the substrate surfaces are treated properly. 

The occurrence of the valuable properties which are the subject of this invention may be 
tested without the necessity of creating either a V-shaped switching or optically bistable SSFLC 
cells. Nor is it necessary to make any measurements on the SmC* phase of the FLC material. 
Rather, a test for the presence of a de Vries Smectic A phase of the material is all that is needed 
to practice the invention. 
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Those of ordinary skill in the art will appreciate that materials and methods other than 
those specifically described herein can be employed in the devices and methods of this invention 
without undue experimentation. For example, any bistable and/or analog FLC device 
configurations known in the art can be employed with the de Vries smectic A materials of this 
invention. Any alignment method and or alignment materials known in the art to function for 
bistable FLC devices and V-shaped switching devices and readily available can be employed in 
this invention. 

All references cited herein are incorporated in their entirety herein to the extent that they 
are not incompatible with the disclosure herein. In particular, references cited herein are 
incorporated by reference herein for their disclosure of the structures of bookshelf FLC 
materials, V-shaped switching materials, ferrielectric materials, thresholdless antiferroelectric 
materials, antiferroelectric materials and LC materials in general. Further, references cited 
herein are incorporated by reference herein for their descriptions of bistable and analog FLC cell 
configurations, alignment materials and methods, substrate materials and application of voltage 
to a bistable or analog cell to achieve the desired optical response. 
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Scheme 1 : 



/^^ C02 ~^^o-c£h,och 3 A 





Scheme 2: 

From U.S. patent 6,057,007 





0- v ^A^/OCH2CF20C2F 4 OC4F9 



where R is C 7 H 15 or C 8 H 17 
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Scheme 3 




From U.S. 5,728,864: 



COO 




COO-C*H-(CH 2 ) m OC 2 nl 



3-1 



where A is -CF 3 or -C 2 F 5 , p is an integer ranging from 6-12, 
X and Y are both H or one of X and Y is H and the other is F, and 
n and m are integers ranging from 2-4 and wherein the C p H 2 p+i 
group is linear 



Structurally related compounds include, among others: 



where A is -CF 3 , -CH 3 , -C 2 F 5 , -C 2 H 5 or H and the carbon 
indicated with # may be asymmetric, 
each X, independent of other X's in the molecule can be 
H or F where there are a total of 1-6 F and preferably 1-3 F 
in the molecule, and 

and R 2 , independent of each other, are alkyl, alkenyl, 
alkoxy, or ether groups having from 6 -20 carbon atoms 




X XX 



X XX 




3-2 
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Scheme 4: 

From U.S. 6,002,042: 



Y 



X 



RO 





coo- 




COO-C*H(CH 2 ) m CH, 



/ 



CnH 



n n 2n+1 



\ 



C n H2n+1 



where * indicates an asymmetric carbon, 

R is a linear alkyl group having 6 to 12 carbon atoms, 

X and Y are both H or one of X and Y is F and the other is H, 

m is an integer ranging from 0 to 5, and 

n is an integer ranging from 1 to 5 
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Scheme 5: 



From 5,938,973: 



C m H 2m+1 -COO-<; j>-COO 



where m is an integer ranging from 4-10, 
n is an integer ranging from 2-6, 
p is 0 or 1 , 

X and Y independently are H or F 




/ 



£nH2n+1 



COO-CH 

\ 



C n H2n+1 



From 5,976,409: 



C m H 



m n 2m+1 




v\ /r~\ / 




/ 



2n+1 



COO-CH 

\ 



C n H 



n n 2n+1 



where A is O, COO or a single bond, 
m is an integer ranging from 4-12, and 
n is an integer ranging from 2-4 



From 6,001,278: y 

/ Cm^2m+1 




R 1 -COO^^COO^^COO-CH 

^m M 2m+1 

where R1 is a linear alkyl group having 4-10 carbons, 
Y is H or F, and 
m is 2 or 3 



Page 23 of 32 



Scheme 6: Core Structures Related to Napthalenes 




(Y) q 



where X is F, -CH 3> -CF 3 , 
Y is -CH 3 , or -CF 3 , 

n and m, independently are integers from 0-3, 
p is an integer from 0-4, 
q is an integer from 0-3, 
s is an integer from 1-7, and 
t is an integer from 1-6. 
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Scheme 7: 




W415 



Both of these compounds exhibit a de Vires smectic A phase. 
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Scheme 8: 



A 




where A is F, -CH 3 , -C 2 H 5l -CF 3 , or -C 2 F 5 , 

n is an integer ranging from 6-12, 

R' is a small alkyl group having from 1-6 carbons, 

particularly , -CH 3 or -C 2 H 5 

R2 is an alkyl, fluoroalkyl, ether or fluoroether, and 

the A and B rings may each be substitued with one or two F 



'nH2n-C m H 2m . 1 — ^A^) — ^ 




8-2 



where A is F, -CH 3 , -C 2 H 5 , -CF 3 , or -C 2 F 5 , 

n and m are integers ranging from 1-12, particularly where 

n + m = 6-12 and particularly where n = m, 

R 2 is an alkyl, fluoroalkyl, ether or fluoroether, and 

the A and B rings may each be substitued with one or two F 
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We Claim: 

1 . A bistable FLC device which comprises a chiral nonracemic liquid crystal material which 
exhibits a de Vries smectic A phase aligned in bookshelf structure wherein the chiral 
liquid crystal material has not been previously identified as a bookshelf liquid crystal 
material. 

2. The bistable device of claim 1 wherein the chiral liquid crystal material comprises a 
chiral nonracemic liquid crystal compound having a liquid crystal core containing one or 
more aromatic groups and a chiral tail group. 

3. The bistable device of claim 2 wherein the liquid crystal core comprises a 
dehydronapthalene group. 

4. The bistable device of claim 2 wherein the liquid crystal core comprises a napthalene 
group. 

5. The bistable device of claim 2 wherein the liquid crystal core does not comprise a 
napthalene group. 

6. The bistable device of claim 2 wherein the liquid crystal core comprises a group selected 
from the group consisting of phenyl pyrimidine, phenyl benzoate, biphenyl benzoate, and 
biphenyl. 

7. The bistable device of claim 2 wherein the chiral tail group is a swallow tail group. 

8. The bistable device of claim 2 wherein the chiral tail group comprises a terminal 
fluorocarbon group. 

9. The bistable device of claim 2 wherein the chiral tail group has the formula: 

-COO-CH*(A)-(CH 2 ) m OCnH 2 n + i 

where * indicates an asymmetric carbon, A can be -CEb, -C2H5,CF3, or -CiFs, and m and 
n are integers ranging from 2-20. 

10. The bistable device of claim 9 wherein A is -CF3, or -C2F5 

1 1 . The bistable device of claim 9 wherein n and n are integers ranging from 2-4. 

12. The bistable device of claim 2 wherein the chiral tail group has the formula: 

-COO-CH*(A)-R 
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where A is -CH 3 , -C 2 H 5 , -CF 3 , or -C 2 F 5 , and R is an ether, fluoroether, alkyl or 
fluoroalkyl group. 

13. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal material 
comprises a siloxane group. 

14. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal material is an 
antiferroelectric material. 

15. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal material is a 
material that exhibits V-shaped switching in an analog FLC cell. 

16. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal material 
comprises chiral nonracemic W399, W415 or mixtures thereof 

17. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal material 
further comprises an achiral or racemic liquid crystal compound. 

18. The bistable device of claim 17 wherein the racemic liquid crystal compound is the 
racemate of W399, W415 or a mixture thereof. 

19. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal compound 
comprises a chiral racemic, achiral or racemic compound of the formula: 



R'-Si C n H 2n 
R' 




where A is F, -CH 3 , -C 2 H 5 , -CF 3 , or -C 2 F 5 , 

n is an integer ranging from 6 to 12, 

R' is a small alkyl group having from 1-6 carbon atoms, 

R2 is an alkyl, fluoroalkyl, ether or fluorether group and 

The A and B rings can each be substitued with one or two fluorines. 



20. The bistable device of claim 19 wherein the compound of the formula given is chiral 
nonracemic. 
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21. The bistable device of claim 1 wherein the chiral nonracemic liquid crystal compound 
comprises a chiral racemic, achiral or racemic compound of the formula: 

A 



C n H 2 n=C m H 2m . 1 -^^>-^ 0 




O 
8-2 

where A is F, -CH 3? -C 2 H 5 , -CF 3 , or -C 2 F 5 , 

n and m are integers ranging from 1 to 12, 

R 2 is an alkyl, fluoroalkyl, ether or fluorether group and 

the A and B rings can each be substituted with one or two fluorines. 

22. The bistable device of claim 21 wherein n = m. 

23 . The bistable device of claim 22 wherein n + m is 6- 1 2. 

24. The bistable device of claim 21 wherein A is -CH 3 

25. An analog FLC device which comprises a chiral nonracemic liquid crystal material which 
exhibits a de Vries smectic A phase wherein the chiral liquid crystal material has not 
been previously identified as a V-shaped switching liquid crystal material. 

26. The analog device of claim 25 wherein the chiral liquid crystal material comprises a 
chiral nonracemic liquid crystal compound having a liquid crystal core containing one or 
more aromatic groups and a chiral tail group. 

27. The analog device of claim 26 wherein the liquid crystal core comprises a napthalene 
group. 

28. The analog device of claim 26 wherein the liquid crystal core comprises a 
dehydronapthalene group. 

29. The analog device of claim 26 wherein the liquid crystal core comprises a group selected 
from the group consisting of phenyl pyrimidine, phenyl benzoate, biphenyl benzoate, and 
biphenyl. 

30. The analog device of claim 26 wherein the chiral liquid crystal tail comprises a chiral 
fluorinated terminal portion. 

3 1 . The analog device of claim 30 wherein the liquid crystal core is a phenyl pyrimidine. 

32. The analog device of claim 25 wherein the chiral nonracemic liquid crystal material 
comprises chiral nonracemic W399, M415 or mixtures thereof. 
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33. The analog device of claim 25 wherein the chiral nonracemic liquid crystal material 
further comprises an achiral or racemic liquid crystal compound. 

34. The analog device of claim 33 wherein the racemic liquid crystal compound is the 
racemate of W399, W415 or a mixture thereof. 

35. The analog device of claim 25 wherein the chiral nonracemic liquid crystal compound 
comprises a chiral racemic, achiral or racemic compound of the formula: 

A 

■4- ^r^^-enrO^ 

R ' o- N °2 

8-1 z 



where A is F, -CH 3 , -C 2 H 5 , -CF 3 , or -C 2 F 5 , 

n is an integer ranging from 6 to 12, 

R' is a small alkyl group having from 1-6 carbon atoms, 

R2 is an alkyl, fluoroalkyl, ether or fluorether group and 

The A and B rings can each be substituted with one or two fluorines. 

36. The analog device of claim 35 wherein the compound of the formula given is chiral 
nonracemic. 

37. The bistable device of claim 25 wherein the chiral nonracemic liquid crystal compound 
comprises a chiral racemic, achiral or racemic compound of the formula: 



A 




8-2 



where A is F, -CH 3 , -C 2 H 5 , -CF 3 , or -C 2 F 5 , 

n and m are integers ranging from 1 to 12, 

R 2 is an alkyl, fluoroalkyl, ether or fluorether group and 

the A and B rings can each be substituted with one or two fluorines. 

38. The analog device of claim 37 wherein n = m. 

39. The analog device of claim 38 wherein n + m is 6-12. 
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40. The analog device of claim 37 wherein A is -CH 3 . 

41 . The analog device of claim 25 wherein the chiral nonracemic liquid crystal material is a 
bookshelf material that exhibits a de Vries smectic A phase. 

42. A method for identifying a chiral nonracemic liquid crystal material useful in both 
bistable SSFLC devices and analog devices which comprises the step of: 

assaying the chiral nonracemic liquid crystal material for the presence of a 
de Vries smectic A phase the presence of the phase being indicative of that the 
material will exhibit bookshelf geometry and V-shaped switching when 
introduced into the appropriate FLC device configurations. 

43. The method of claim 42 wherein infrared dichroism measurements are made to detect the 
presence of the de Vries smectic A phase. 

44. The method of claim 42 wherein the chiral nonracemic liquid crystal material is a V- 
shaped switching material. 

45. The method of claim 42 wherein the chiral nonracemic liquid crystal material is an 
antiferroelectric liquid crystal material. 

46. The method of claim 42 wherein the chiral nonracemic liquid crystal material comprises 
a swallow-tailed liquid crystal. 

47. The method of claim 42 wherein the chiral nonracemic liquid crystal material comprises 
a liquid crystal dimer. 

48. The method of claim 47 wherein the dimer comprises a siloxane group. 

49. The method of claim 42 wherein the chiral nonracemic liquid crystal material exhibits a 
tilted smectic phase. 

50. The method of claim 42 wherein the chiral nonracemic liquid crystal material exhibits a 
chiral smectic C phase. 

5 1 . The method of claim 49 wherein the chiral nonracemic liquid crystal material exhibits the 
phase sequence I ->SmA ->SmC* and the smectic A phase is a de Vries smectic A phase 
over a useful portion of the SmA phase. 
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Abstract of the Invention 



Bistable and analog FLC devices employing chiral nonracemic liquid crystal materials 
exhibiting de Vries smectic A phases. The invention provides certain liquid crystal material that 
can be employed in both bistable and analog device configurations. The invention also provides 
a method for identifying liquid crystal materials that will exhibit both bookshelf structure in 
SSFLC cells and provide V-shaped switching in an analog device configuration. 
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Attorney Docket No. 57-00 



JOINT INVENTORS' DECLARATION FOR PATENT APPLICATION 

AND POWER OF ATTORNEY 



As the below named inventors, we hereby declare that: 

Our residences, post office addresses and citizenship are as stated below our names. 

We believe that we are the original, first and joint inventors of the subject matter which is 
claimed and for which a patent is sought on the invention entitled : "FERROELECTRIC 
LIQUID CRYSTAL DEVICES USING MATERIALS WITH A DE VRIES SMECTIC A 
PHASE" 



the specification of which: 

X was filed on September 1. 2000 as Application Serial No. i 

We hereby authorize our legal representative to add reference to the Serial No. and/or filing date 
of the above-referenced application to this declaration. 

We hereby state that we have reviewed and understand the contents of the above-identified 
specification, including the claims, as amended by any amendment referred to above. 

We acknowledge the duty to disclose information which is material to the patentability of this 
application in accordance with Title 37, Code of Federal Regulations, §1.56. 

Prior Foreign Application(s) 

We hereby claim foreign priority benefits under Title 35, United States Code, §1 19 of any 
foreign application(s) for patent or inventor's certificate listed below and have also identified 
below any foreign application(s) for patent or inventor's certificate having a filing date before 
that of the application to which priority is claimed: 

Date of Filing Date of Issue Priority Claimed 

Country Application No. (day,month,year) (day,month,year) 35U.S.C.119 



Prior Provisional Application(s) 
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We hereby claim the benefit under Title 35, United States Code, § 119(e) of any United States 
provisional application(s) listed below: 



Application Serial 
Number 



Date of Filing 
(day,month,year) 



60/151,974 



September 1, 1999 



Prior U.S. Application(s) and PCT International Application(s) Designating 

the United States 

We hereby claim the benefit under Title 35, United States Code, §120 of any United States 
application(s), or § 365(c) of any PCT International application(s) designating the United States 
listed below: 

Application Serial Date of Filing Status(Patented,Pending, Abandoned) 

Number (day,month,year) 



Insofar as the subject matter of each of the claims in this application is not disclosed in the prior 
United States, foreign or PCT International application(s) to which priority has been claimed 
above in the manner provided by the first paragraph of Title 35, United States Code, §1 12, we 
acknowledge the duty to disclose material information as defined in Title 37, Code of Federal 
Regulations, §1.56 which occurred between the filing date of the prior application(s) and the 
national or PCT international filing date of this application. 

We hereby appoint, both jointly and severally, as our attorneys and agents with full power of 
substitution and revocation, to prosecute this application and any corresponding application filed 
in the Patent Cooperation Treaty Receiving Office, and to transact all business in the Patent and 
Trademark Office connected herewith the following attorneys and agents, their registration 
numbers being listed after their names: 

Lorance L. Greenlee, Reg. No. 27,894; Ellen P. Winner, Reg. No. 28,547; Sally A. Sullivan, 
Reg. No. 32,064; Donna M. Ferber, Reg. No. 33,878; G. William VanCleave, Reg. No. 40,213; 
Susan K. Doughty, Reg. No. 43,595; Heej a Yoo- Warren, Reg. No. 45,495; all of Greenlee, 
Winner and Sullivan, P.C., 5370 Manhattan Circle, Suite 201, Boulder, CO 80303. 



None 
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We hereby declare that all statements made herein of our own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

(l)Full Name of 
First Inventor: XUE, JIUZHI 
Residence: Broomfield, CO 
Citizenship: USA 

Post Office Address: 1212 Dover Court, Broomfield, CO 80303 

(1) Signature Date 



(2) Full Name of 

Second Inventor: WALBA, DAVID M. 
Residence: Boulder, CO 
Citizenship: USA 

Post Office Address: 5453 Mesa Top Court, Boulder, CO 80301 
(2) Signature Date 
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